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ABSTRACT 
RNA synthesis almost ceases in mitosis. It is ambiguous whether this temporal, 
negative control of RNA synthesis is solely because of the nature of chromosomes 
per se,  (i.e., their condensed state), or to a physical loss of RNA polymerases 
along  with  other  nuclear proteins  which  have  been  shown  to  pass  into  the 
cytoplasm in mitosis, or to their combined feature. Aside from such regulatory 
considerations, a question has also been raised as to whether RNA polymerases 
are constituents of metaphase chromosomes. To clarify these aspects of RNA 
polymerase-chromatin interaction in mitosis, the enzymes in chromosomes were 
quantitated and their levels compared to those in interphase nuclei and cells at 
various phases of the cell cycle. 
The results show that the amounts of form I, form II, and probably form III 
enzymes bound to a genome-equivalent of ehromatin stay constant during the cell 
cycle. Thus, the mechanism for the negative control of RNA synthesis in mitosis 
appears to exist in the chromosomes per se, but not to be directly related to the 
RNA polymerase levels. 
This quantitative conservation of chromatin-bound RNA polymerases implies 
that they may persist as structural components of the chromosomes in mitosis. 
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One of the biochemical events which distinguishes 
the mitotic phase from the G1, S, and G2 phases 
of the cell cycle is the virtual  absence of nuclear 
transcription  in  mitosis  (reviewed  in  reference 
42), with the exception of some synthesis of small 
molecular  weight  RNA  (24,  65).  Since  RNA 
synthesis  resumes  immediately  after  the  meta- 
phase-to-telophase transition while chromatin de- 
condenses  (42),  this  temporal  on-off event  has 
been explained  as  follows: Because of the  high 
magnitude of chromatin packing, RNA polymer- 
ase  molecules  can  not  bind  to  nor  transcribe 
through genes  (reviewed  in  reference  43).  Evi- 
dence  to support  this interpretation  is that,  like 
condensed heterochromatin  from interphase  nu- 
clei  (1,  13,  31,  58),  metaphase  chromosomes 
served as poor templates  in vitro for exogenous 
RNA polymerases (24, 27, 56). It has also been 
shown that metaphase  chromosomes have a  low 
level  of  endogenous  RNA  polymerase  activity 
(24, 37, 38, 53, 61). Another biochemical event 
characterizing mitosis,  however,  is  a  transfer or 
release into cytoplasm of nuclear proteins (2, 41, 
44,  45,  54).  When  these  facts  are  considered 
together, therefore, it is difficult to decide whether 
the  low  endogenous  activity  is  a  result  of the 
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451 nature of mitotic chromatin per se or physical loss 
of the enzyme molecules along with other nuclear 
proteins from the condensed chromatin or their 
combined feature. To our knowledge, the possi- 
bility of such enzyme loss has not yet been exam- 
ined.  For  an  understanding  of  the  mechanism 
responsible for the absence of RNA synthesis in 
mitotic chromosomes,  therefore,  it appears nec- 
essary to  determine whether  such  loss of RNA 
polymerases occurs  or the  enzymes  are  present 
but masked in mitosis. Previously, other workers 
who  studied HeLa cells (3) and Physarum (18) 
found  that  the  total  cellular  RNA  polymerase 
activity of mitotic cells approximated that of inter- 
phase cells. However, since these studies analyzed 
only whole cells, it remained to  be  ascertained 
whether RNA polymerases are conserved in mi- 
totic chromosomes,  and  if they  should  be  con- 
served, to what extent. Recently, Gariglio et al. 
(16)  addressed  this  question  using  mitotic  and 
growing  populations of mouse  Balb/C3T3  cells 
and found that the same level of RNA polymer- 
ases I and II existed in Sarkosyl extracts of mitotic 
and  growing  cells;  the  authors  concluded  that 
there is nearly as much initiated RNA polymer- 
ases in mitotic chromosomes as in growing cells. 
We  have  recently  introduced  a  new  technique 
which permits isolation of morphologically intact 
chromosomes at pH 7.5 from cultured cells, with- 
out appreciable degradation of protein and DNA 
and  inhibition of RNA  polymerases.  Since  any 
mechanical shearing of chromosomes which would 
lead to adventitious binding of enzymes to chro- 
mosomes was avoided in the isolation procedure, 
this technique enabled us to quantitate the RNA 
polymerases associated with chromosomes and to 
compare their levels to those in interphase nuclei. 
In agreement with the finding of Gariglio et al. 
(16), our results strongly indicate that nearly the 
same level of chromatin-bound RNA polymerase 
forms I and II are conserved in chromosomes and 
interphase nuclei. 
More than 50%  of chromosomal proteins are 
nonhistone proteins which contain many polypep- 
tides, also found in interphase chromatin (refer- 
ences 14, 51, and W. Wray, a personal communi- 
cation), but it is totally unknown what they repre- 
sent  enzymatically  or  structurally.  Therefore, 
aside  from  regulatory considerations mentioned 
above, a  question has been raised as to whether 
RNA polymerases are nonhistone protein constit- 
uents of chromosomes (14, 53, 61). The present 
enzyme  quantitation  results  seem  to  imply that 
RNA  polymerases of the chromatin-bound type 
persist as structural components of the chromo- 
somes in mitosis. 
MATERIALS  AND  METHODS 
Chemicals 
All  chemicals  were  reagent  or  analytical  grade. 
DEAE-Sephadex A-25 was purchased from Pharmacia 
Fine Chemicals, Div. of Pharmacia Inc., Piscataway, N. 
J.;  unlabeled ribonucleoside  triphosphates  from  P-L. 
Biochemicals, Inc, Milwaukee, Wis.; [aH]guanosine 5'- 
triphosphate  (15  Ci/mmol)  and  [SH]uddine  (26  Ci/ 
mmol)  from  Amersham/Searle  Corp.,  Arlington 
Heights, Ill.; Ammonium sulfate (ultra pure grade) from 
Schwartz/Mann  Div., Beekton, Dickinson  & Co., Or- 
angeburg,  N. J.; Calf thymus DNA, dithiothreitol,  bo- 
vine serum albumin fraction V (BSA), phenylmethylsul- 
fonylfluoride (PMSF) and Trisbase, from Sigma Chemi- 
cal Co.,  St.  Louis, Mo.; diethylaminoethyl  (DEAE)- 
cellulose DE/81  filter discs (2.5-cm  Diam) and GF/C 
glass fiber filters from Whatman, Inc., Clifton, N. J.; 
and a-amanitin from Boehringer Mannheim Biochemi- 
cals, Indianapolis,  Ind. Nuclease-f~e pronase was from 
Worthington  Biochemical Corp., Freehold, N. J, Beef 
lung  heparin  (1,000  U/ml)  was  from  Upjohn  Co., 
Agricultural Prods. MKT, Kalamazoo, Mich. High mo- 
lecular weight DNA was prepared from exponentially 
growing DON cells (below) by the pronase-phenol  ex- 
traction methods as described elsewhere (33). 
Cells 
A  line  of Chinese  hamster cells, DON,  has  been 
maintained as either monolayer or suspension in RPMI 
1640  medium  supplemented with antibiotics (34, 35). 
There was no contamination with pleuropneumonia-like 
organisms (PPLO). For mitotic synchronization (34, 35, 
57), a confluent monolayer grown at 6  x  l& cells/cm  ~ 
was trypsinized and then the cell suspension distributed 
to Falcon plastic flasks (BioQuest, BBL & Falcon Prod- 
ucts, Becton, Dickinson & Co., Cockeysville, Md.) (75- 
cm  2 surface area) at an initial densi~ of 6  ￿  104 cells/ 
cm  2. 16 h later, Colcemid (Grand Island Biological Co. 
[Gibco], Grand Island, N. Y.) was added at 0.06 #g/ml 
and 2 h later the metaphase cells selectively shaken off, 
as described previously (34, 35, 57). Using these meta- 
phase  cells,  synchronization  was  initiated in  a  fresh 
medium prewarmed at 37~  in a spinner bottle at 2  x 
105  cells/ml,  and  G1,  S,  and  G2  populations  were 
harvested  at  2,  6,  and  10  h  later.  The  degree  of 
synchronization was as described previously (34, 35). 
Isolation of Metaphase Chromosomes 
and Interphase Nuclei 
Detailed procedures of chromosome isolation will be 
published  elsewhere.  Briefly, the new method used in 
this  study preserved RNA  polymerase  activities  and 
avoided the  degradation of proteins and DNA.  The 
following procedures  apply for mitotic  cells collected 
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were centrifuged at 1,000 g  for 3 min and resuspended 
in 10  ml TCMPD  (10 mM Tris-HCI, pH 7.5,  2  mM 
CaC12, 2.5 mM MgCI2, 0.5 mM PMSF, 0.5 mM dithio- 
threitol) at 10*C for60 s. Cell swelling took place at this 
step and the cell suspension  was quickly chilled at I~ 
Thereafter, all the procedures were carded out between 
1"  and  4"C.  Cells were  lysed  in  the  presence  of the 
nonionic detergent Triton X-100 at a final concentration 
of  0.5%  by  passing  them  through  a  no.  22  gauge 
hypodermic needle. Unbroken cells and interphase nu- 
clei were removed by centrifugation at 180 g for 4 rain, 
and the chromosomes in the supemate were centrifuged 
down at  1,500 g  for 10  rain. The chromosomes were 
resuspended and washed with 30 ml of TCMPD contain- 
ing 0.5% Triton X-100, and pelleted as above (Fig. 1). 
Interphase nuclei were isolated from log phase or syn- 
chronized  cultures  by  essentially  identical  procedures 
(Fig. 1). Electron microscope observations showed that 
most of chromatin fibers and integrity of a whole chro- 
mosome structure  are  preserved intact  (manuscript  in 
preparation). 
Quantitative Solubilization of 
RNA Polymerases 
The  method  used  was  essentially  the  same  as  de- 
scribed by Jaefining et al. (20) and Manck (36). After 
final centrifugation, ceils, nuclei, or chromosomes were 
suspended in TGED (10 mM Tris-HCl, pH 8.0,  25% 
glycerol, 0.1  mM EDTA, 0.5 mM dithiothreitol), and 
the suspension adjusted to 0.3 M (NI-I4)~SO4. Enzymes 
were solubilized by sonication at  I*C using  a  Branson 
Model 185  Sonifier (Bronson Sonic Power Co., Dan- 
burg, Conn.) with a micro tip, at position 3 of the output 
control,  using 3  or 4  consecutive pulses of 5  s  each. 
After dilution with 2 vol of TGED, the insoluble mate- 
rials were removed by centrifugation at 40,000 rpm for 
30 min at 2~  in a Beckman-Spinco SW41 rotor (Beck- 
man Instruments,  Inc., Spinco Div. Palo Alto, Calif.). 
The superuate was saved, diluted with 3 vol of TGED, 
and  centrifuged  again.  The  pellet was  dispersed  into 
TGED-0.3  M  (Nt-L~)eSO,, resonicated  and  processed 
similarly. >95%  of the calculated total activities  based 
on the experiments with interphase nuclei (see Fig. 2) 
were reproducibly solubilized by this method. 
DEAE-Sephadex A-25 
Column Chromatography 
Methods for enzyme fractionation on a DEAE-Seph- 
adex  column  (47,  48)  were  essentially  the  same  as 
described earlier (32, 33), except that the column size 
(bed volume, 2-5 ml) was scaled down. DEAE-Sepha- 
dex A-25 was washed and  precyded according to the 
method described by Weil and Blatti (60). The column 
was  equilibrated  with  TGED  containing  0.05  M 
(NI-~)2SO4 and the enzyme solution apphed. There was 
no enzyme activity in the void fractions. The enzymes 
were eluted with a linear (NH,)2SO4 gradient, 0.05-0.55 
M (48, 49). Fractions of 0.2-0.5 ml were collected with 
an ISCO Model 328 fraction collector. 
RNA Polymerase Assay 
Reaction mixtures contained in a final volume of 250 
/zl, 12.5% glycerol, 50 mM Tris-HC1, pH 8.0, 50 mM 
(NI-h)~SO4, 10 mM KC1, 2 raM MnCl~, 5 mM MgC12, 
0.5 mM dithiothreitol, 5 mM NaF, 0.25 mM PMSF, 0.4 
mM each of ATP, CTP, UTP, and 0.04 mM [aH]GTP 
(117  cpmdpmol).  After 10 min of incubation at 25*(2, 
aliquots of 50 or 100/~l were placed onto DE/g1 filters 
and  immediately dried under  infrared light (4).  Each 
filter was washed five times with 5 ml of 5% Na~HPO~, 
distilled  water,  ethanol,  and  ether  and  the  retained 
radioactivity determined in a toluene base-NCS (Amer- 
sham/Searle)  scintillant  with  a  counting  efficiency of 
45%  with a  Beckman liquid scintillation  counter  (LS- 
3150). When solubilized enzymes were used, the DNA 
isolated from DON cells was included in excess in the 
reaction mixture (500  p,g/ml).  Under these conditions, 
[aH]GMP  incorporation was linear for up to 30 rain of 
incubation,  and  dependent  on  the  presence  of DNA 
templates and four ribonucleoside triphosphates.  1 U of 
solubilized enzyme activity was defined as incorporation 
of 1 pmol of [aI-I]GMP into RNA/10 min. When nuclei 
or chromosomes were assayed for endogenous activity, 
MnCl2 was omitted from reaction mixtures because  it 
inhibited  >60%  of  the  endogenous  transcription  by 
precipitating  chromatin.  Apparent  Michaelis constant 
(Kin) of GTP for forms I and II, based on the Chinese 
hamster enzymes partially purified by DEAE-Sephadex, 
was 0.032  and 0.038  mM, respectively (Fig.  3).  Since 
the  values of enzyme  activities were obtained  at  the 
approximate Km of 0.04  raM, the GTP concentration 
employed was also rate-limiting in our reaction. How- 
ever, since the [aH]GMP incorporation was linear for up 
to 30 min.  (Fig. 4) and the maximal incorporation of 
[aH]GMP  was at most 2% of the input radioactivity, it 
seems unlikely that the consumption of substrate signifi- 
cantly affected the RNA synthesis  with the incubation 
times. Further, the rate of [SH]GMP incorporation was 
proportional to the level of enzyme concentration used 
(Fig.  4)  and  to  the  concentration  of nuclei  (Fig.  5). 
Accordingly, the numbers of enzyme units (Vmax) at 
saturating levels of GTP can be obtained by multiplying 
the presented values by 1.78 and 1.82 for forms I and 
II, respectively (as calculated from Fig. 3). In this paper, 
however,  only  the  actual  numbers  of  enzyme  units 
obtained  at 0.04  mM of GTP  are presented,  because 
without knowing Vmax, the values reflected well without 
significant  error  (~2%)  the  relative activity levels of 
forms I and II and the ratio of both enzymes. 
Sucrose Gradient Analysis 
of Transcripts 
As one  approach  to  ascertain  if isolated  nuclei and 
chromosomes preserved an intact transcriptional  machin- 
ery, the sizes of transcripts  made by endogenous activities 
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FIGURE 2  SolubiJi~tion of RNA polymerases  by son- 
ication. The data are the averages  from two experiments. 
Nuclei isolated from log phase  cultures were sonicated  in 
three  consecutive pulses of  5  s  each (step 1).  The 
sonicates were centrifuged at high speed (see Materials 
and Methods). The chromatin pellet  was dispersed  in the 
buffer, sonicated, and centrifuged as above (step 2), and 
this procedure repeated once again (step 3). Total RNA 
polymerase activity  was determined in the supemates 
and  the  resuspended  chromatin  pellets.  (a)  Activity 
so|ubilized by sonication. 100% activity represents the 
sum of steps 1-3 activities plus the endogenous activity 
of the final pellet, all determined with exogenous DNA 
(500  /~g/ml).  (b)  The  enzyme  activity  in chromatin 
before and after sonication steps.  Before sonicating the 
nuclei, the activity was 2.69 U//~g DNA. The activity 
left in the final pellet was 0.04 U//~g DNA. 
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FIGUI~ 3  Effect of GTP concentration on the rate of 
RNA  synthesis:  Lineweaver-Burk plotting  (28)  with 
varying GTP concentration. Forms I  and H, partially 
purified through DEAE-Sephadex column, were incu- 
bated for 10 min with the standard assay mixture. DNA 
was present in excess (500 ~g/ml), (a) Form I. (b) Form 
fI. 
were  analyzed  on sucrose  gradients.  After 15 min, the 
reaction was terminated by adding sodium dodecyl sulfate 
(SDS) to 0.5%, followed by addition of 10 vol of pH 5.1 
buffer (0.02 M Na-acetate, 0.1 M NaCI, 0.01 M EDTA), 
and the mixtures extracted  at 60~  with phenol presatu- 
rated with pH 5.1  buffer.  After centrifugation  at 4~ 
aqueous phases were saved and the RNA was precipitated 
with 4 vol of 95% ethanol, 2% K-acetate at -20~  After 
standing overnight, RNA was centrifuged at 10,000  rpm 
for 10 rain and dissolved in pH 5.1 buffer,  and aliquots 
layered  over  12  ml of  5-45%  linear sucrose  gradients 
which were then centrifuged at 25,000 rpm in an SW41 
rotor for 18 h at 2~  The gradients were fracfioned from 
the top, and the acid insoluble counts determined (33). 
Cytoplasmic 18S and 28S rRNA, isolated from the post- 
nuclear fractions  as side  products,  were  simultaneously 
run as standard molecules to estimate the transcript size. 
Miscellaneous Procedures 
DNA was  determined by a  modified  dipbenylamine 
reaction (46) and the protein by the method of Lowry et 
al  (29).  Calf thymus DNA  (Sigma) and bovine serum 
albumin fraction V (Sigma) were used as standards.  Ionic 
O.I 
i 
o 
13. 
r 
+ 
30 
15 
/? 
i// 
A 
/// 
/ 
O 
0  15  30 
Min. incubotion 
FIGURE 4  Incorporation of [3H]GMP into RNA as a 
function of incubation  time. The assay mixtures contain- 
ing various concentrations of enzymes (from interphase 
cells) were incubated for up to 30 rain. At each time 
point, 50 bd aliquot was removed, spotted onto DE/81 
filters,  and  processed  as  described  in Materials  and 
Methods. Assays were done with (A, O, D) or without 
(b, @, l) 0.5/~g/ml ~-amanitin. 
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Conductivity  Bridge  Model  RC  after  10  /zl  of each 
fraction was diluted in  10 nil of redistiUed water.  The 
calibration was done against a standard (NI~)~SO~ solu- 
tion. 
RESULTS 
Characterization of Transcriptional 
Machinery  in Isolated Nuclei 
and Chromosomes 
First, we examined whether or not isolated ma- 
terials reflected the characteristics of RNA synthe- 
sis  in  the  cells from  which  they were  obtained. 
Table I compares the endogenous RNA polymer- 
ase activity of isolated nuclei and chromosomes as 
well as the rate of uridine uptake by metaphase and 
interphase cells. The endogenous activity  was deter- 
mined under conditions where the incorporation of 
[aH]GMP was proportional to the amount of input 
nuclei or chromosomes  (Fig. 5a)  and proceeded 
almost  linearly  (Fig.  5b).  Only  a  low  level  of 
endogenous activity was found in chromosomes in 
comparison to the activity in nuclei (Table I). This 
reflected well the limited rate of RNA synthesis of 
metaphase cells, determined by [~-I]ufidine uptake, 
compared to the rate exhibited by log phase cells 
(Table I). 
No  significant increase in  [aI-I]GMP  incorpora- 
tion  over  the  endogenous  level  by  nuclei  and 
chromosomes took place.even when assayed with 
C 
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1020 30  i1  I0  20 
o.  Mill Inculxltion  Nuclei, lig of DNA 
Fl6vra~ 5  (a)  Kinetics  of  in  vitro  transcription  by 
endogenous  RNA  polymerase  activities  of  nuclei 
(wO---, no a-amanitin; --a-- 0.5/xg/ml of ~amanitin) 
and  chromosomes  (--￿9  (b)  Incorporation  of 
[aH]GMP into RNA as a function of nuclear numbers 
expressed as DNA. 
TABLE  I 
Rate of  RNA Synthesis 
Som'c~  No, of exps. 
Isolated ntrcleil or 
chromosomes 
~r,,  [~]G~ ~corpo- 
[~'~Jur~e  ~  rat~n mm I~A 
corlam~tion  epm/  pmol/#g DNA/IO 
1~ cells/10 min  mha 
Log phase  3  69,100 
cells*  3  --  -DNA 1.33 
+DNA 1.37 
Metaphase  3  3,630 
cells  2  -  -DNA 0.069 
+DNA 0.079 
* Log phase cells were composed of 20% G1, 50% S, 
25% (32, and 5% mitotic phases, on the average. 
5 x  10  ~ cells were incubated for 10 min at 37"C in 2 
ml  of  RPMI  1640  medium  containing  20  /~Ci of 
[SI-l]uridine  (26  Ci/mmol).  Under  this  condition, 
[3H]uridine uptake was linear for up to 30 rain. Incor- 
poration was terminated by 5 % trichloroacetic acid, and 
the acid-insoluble materials were collected onto What- 
man GF/C filters. 
w  Nuclei or chromosomes, containing up to 25 t~g DNA 
(Fig. 5) were assayed in the standard reaction mixture 
with or without 500/xg/ml DNA at 25*(2 for 10 rain. 
exogenous  DNA  (Table  I),  indicating  that  the 
major endogenous activity in isolated nuclei and 
chromosomes  represented  the  chromatin-bound 
type.  1 Thus,  it  appeared  that  most  of unbound 
types,  1 if any, were washed away from the chro- 
mosomes  and  nuclei  during  the  isolation.  The 
sucrose  gradient  profiles  of  in  vitro  transcripts 
appear  in  Fig.  6.  Interphase  nuclei  synthesized 
RNA of a wide range of molecular sizes including 
45S  molecules  (Fig.  6a),  but  their  transcripts 
formed in  the  presence of 0.5  /zg/ml ~amanitin 
exhibited two peaks, at 5S and 28S (Fig. 6a). In 
contrast,  the  chromosomes  synthesized  mostly 
small  molecular weight  RNA  (Fig. 6b),  as  had 
previously been  found for intact metaphase cells 
(24,  65).  The  virtual absence  of high  molecular 
weight  RNA  from  the  chromosomal  transcripts 
suggested that the chromosome preparations were 
substantially free of interphase nuclei, preserving 
intact transcriptional machinery. From these  gra- 
dient profiles of transcripts synthesized by known 
amounts of DNA in nuclei and chromosomes (Fig. 
1 "Bound" enzymes exist most probably in the form of 
ermyme-gene  complexes.  Therefore,  when  nuclei  or 
chromosomes  are assayed in vitro, such enzymes tran- 
scribe exclusively endogenous DNA templates but not 
exogenous DNA (63, 64). 
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synthesized  small  molecular  weight  RNA  at  5S 
regions appeared to persist rather constant in mito- 
sis. 
Levels of RNA Polymerases  Solubilized 
from Interphase Nuclei and 
Metaphase  Chromosomes 
From the above data, it appeared that the endog- 
enous RNA  polymerase  activities were  consider- 
ably  diminished in metaphase  chromosomes.  To 
answer  the  main  question  of  this  study  as  to 
whether RNA polymerase molecules are truly ab- 
sent  or  are  conserved  within  chromosomes,  but 
their activities are merely masked, the RNA polym- 
erase activities in isolated chromosomes were quan- 
titated  after  solubilization using  the  method  of 
Jaehning et al.  (20),  previously applied to whole 
cells. Inclusion of BSA was found to be necessary 
for  quantitating the  enzymes presumably by pre- 
venting  their  inactivation  by  dilution,  especially 
when  the  small  amounts  of  chromosomes  were 
5S 28S 
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Fraction Number 
Fmu~  6  Sucrose  gradient analysis of in vitro  tran- 
scripts  made  in the  presence  (---A---)  or  absence 
(--0--) of 0.5  p.g/ml a-amanitin. The volume of the 
reaction mixture was scaled up 10 times, and the concen- 
tration of [3H]GTP was four times as high compared to 
the standard assay mixture. Transcripts made by nuclei, 
180  ttg input DNA, and chromosomes, 275  txg input 
DNA, were phenol-extracted quantitatively and run at 
4~  for 18 h at 25,000 rpm in a 12.5-ml 5-45% sucrose 
linear gradient using a  Beckman SW41  rotor. 26 frac- 
tions, 0.5 ml each, were  collected  from the top of the 
gradients  and  the  acid  insoluble counts determined. 
Cytoplasmic 18S and 28S rRNA served as internal size 
markers using absorbance of 260 nm (not shown).  5S 
and  45S  positions are  estimations.  (a)  Nuclear  tran- 
scripts. (b) Chromosomal transcripts. 
TABLE  II 
Levels of  RNA Polymerases Solubilized from 
Interphase Nuclei and Metaphase Chromosomes 
Enzyme activity U/tag DNA 
Condition of  equivalent ha sonicates 
solubfliza-  No. of 
Source  tion  exps.  Total  Form I  Form II 
Nuclei  from  -BSA  4  2.16 
log  phase 
culture 
Nuclei  from  +BSA  5  2.68 
log  phase 
culture 
Chromosomes  -BSA  4  0.75 
Chromosomes  +BSA  6  2.59 
avcrag~ 
1.70  0.46 
2.26  0.42 
0.56  0.19 
2.05  0.54 
Nuclei (1-1.5 mg DNA) and chromosomes (100-300 
/~g DNA) were dispersed in 1 ml TGED, adjusted to 
0.3 M (NI-I4)~SO,, and sonicated. After dilution with 2 
ml of TGED, ehromatin was  removed at  100,000 g. 
Supernate (3 ml) was combined with 3 ml TGED, and 
centrifuged again, and the supernate was  used as en- 
zymes. Where used, BSA concentration in TGED was 1 
mg/ml. Form II represents the activity sensitive  to 0.5 
/~g/ml a-amanitin present in the reaction mixtures. Total 
activity represents the sum of Form I and II activities. 1 
U  of enzyme activity  is defined as incorporation of 1 
pmol of [3H]GMP into RNA per 10 min under the DNA 
excess conditions (see Materials and Methods). 
sonicated. The results appear in Table II. Interest- 
ingly, the  solubilized enzyme levels per  1  /zg  of 
DNA-equivalent  of  interphase  nuclei  from  log 
phase  cells  and  of  chromosomes  were  approxi- 
mately the same. Thus, the enzyme levels per unit 
genome,  as found in chromosomes,  appeared  to 
remain relatively constant throughout the cell cycle. 
On  the  basis of the  results with  a-amanitin, the 
activity of DON cell enzymes proved to represent 
mostly  form  I.  Differences  in  the  activity  level 
determined in the presence of 0.5  /zg/ml and 200 
/~g/ml  of  a-amanitin were  regarded  to  represent 
form III activities (60). Such activities in DON cells 
comprised  <5%  of the  total  activity, so  that  an 
accurate  quantitation  was  difficult.  Accordingly, 
form I  and II activities are reported in the present 
quantitation study. The yields of forms I and II per 
genome equivalent from chromosomes were  each 
approximately the  same  as their respective yields 
from the nuclei (Table II). 
Levels of  RNA Polymerases during 
the Cell Cycle 
Comparison of the  RNA  polymerase  activities 
between metaphase  chromosomes  and G1  nuclei 
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the  chromatin  configuration,  from  condensed  to 
decondensed,  affected  the  amount  of  enzymes 
bound.  At  2  h  after  metaphase,  the  chromatin 
decondensed  and  the  nuclear  membranes  were 
formed  completely,  but  without  any  significant 
increase in  the bound enzyme levels (Table III). 
Together with the above enzyme quantitation data 
on chromosomes and nuclei from log phase cells, 
this finding strongly indicated that the amounts of 
chromafin bound enzymes per unit genome stayed 
relatively constant regardless of the change in the 
chromatin  configuration,  and  also  indicated that 
since  the  genome  size per nucleus  doubles  after 
DNA  replication,  the  amount  of  enzymes  per 
nucleus  also  doubles  during  the  cell  cycle.  To 
further  learn  relationships between  the  levels of 
chromatin-bound  enzymes  and  total  enzymes 
(bound and unbound) in a cell during the cell cycle, 
the enzyme activity per cell was also determined. 
This attempt was made  using fairly pure popula- 
tions of G1  and S, and less synchronized popula- 
tions of G2 cells. The results appear in Table IV. 
The  amount  of  enzymes  per  cell  increased  in 
parallel with the  increase in genome  size. It was 
also confirmed that the enzyme per unit genome in 
a  cell was constant regardless of various genome 
sizes in the cell cycle. Comparison of the results in 
Table IV with those in Table II shows that 50% of 
the total enzymes in a cell represent bound types. 
However,  this  value  would  represent  only  the 
estimated levels of enzyme  bound  to  chromatin, 
because (a) the possibility is not ruled out that the 
enzyme loss could result partially from the inacti- 
vation of enzyme itself during the isolation proce- 
dures and  (b) no enzyme quantitation with cyto- 
plasm was done because the enzymes in postnuclear 
supernates were too diluted to assay. 
TABLE III 
Levels of  RNA Polymerases at Metaphase-G1 Phase 
Transition 
Source  No, of exps. 
Enzyme activity 
U/9,g DNA equiva- 
lent 
Metaphase chromosome  2 
G1 nuclei  2 
averages 
2.65 
2.85 
Cell synchronization was initiated from metaphase  (see 
Materials and Methods), and 2 h later, the cultures were 
harvested  as  G1.  G1  nuclei  and  chromosomes  were 
prepared according to the method described in Materials 
and Methods. 
TABLE IV 
RNA Polymerase Activity Levels in the Total Cell 
Extracts at Various Phases in the Cell Cycle 
Series  CeUs 
Units enzyme activity 
No. ofexps,  per l~S cells  per/.LgDNA 
A 
B* 
averages 
Log phase (I)  4  4.70  5.16 
Metaphase (M)  4  6.40  5.42 
M/I ratio  1.36  1.05 
Metaphase (M)  3  6.63  5.44 
G1  2  3.36  5.60 
S  2  4.65  5.42 
G2  1  5.12  ND 
M/G1 ratio  1.97  0.97 
M/S ratio  1.42  1.00 
M/G2 ratio  1.29  ND 
Metaphase cells were prepared from log phase cultures 
exposed to 0.06  p,g/ml of Coicemid for 2 h. Synchroni- 
zation was initiated,  and G1, S, and G2 phase popula- 
tions obtained at 2, 6, and 10 h later. 2-5  x  10  r cells 
were used for quantitative  solubilization in the presence 
of I mg/ml BSA. 
* Three series of experiments  using synchronized cul- 
tures were carded out in which two series were used for 
preparing M, G1, and S, and one series from M and G2. 
Degree of synchronization  in G2 population  was such 
that -40% of the cells were still synthesizing DNA (34, 
35). 
Fractionation of RNA  Polymerases over 
D EAE-Sephadex A-25 Column 
On  the  basis of the  results with  mamanitin,  it 
appeared that at least two different enzyme forms 
existed in  metaphase  chromosomes and  in  inter- 
phase  nuclei  (Table  II).  To  learn  further  basic 
characteristics of these enzymes, they were sepa- 
rated over a DEAE-Sephadex column. As shown 
in Fig. 5, essentially identical profiles were obtained 
for  all  the  enzymes  either  from  interphase  and 
metaphase cells or from chromosomes and nuclei. 
The ionic strength at which each form eluted was as 
expected from established studies (reviewed in ref- 
erence 49). A  small peak for form II/was recog- 
nized  in  the  cell extracts,  but  not  dearly in  the 
isolated nuclei or chromosomes (Fig. 7), indicating 
the above mentioned possibility  that some enzymes 
were inactivated during isolation procedures. How- 
ever,  that  a  small  peak  represents  form  III was 
confirmed by its resistance to a-amanitin (0.5  tzg/ 
ml) in the reaction mixture (Fig. 8). 
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by column chromatography and  a-amanltin sensi- 
tivity, are summarized in Table V. There was no 
significant  change  in  the  proportions of the  two 
forms during the cell cycle (Fig. 7). The sensitivity 
profiles of form I and II enzymes in interphase and 
metaphase cells  against various concentrations of 
~amanitin were identical (Fig. 9). 
Levels of RNA  Polymerases  Associated  with 
Chromatin 
As shown above (Table II), the virtual absence 
of significant  increase in the endogenous activities 
of nuclei  and  chromosomes by added  DNA  ap- 
peared  to  indicate  that  there  was  no  significant 
amount  of unbound  types in  isolated  nuclei  and 
chromosomes. To rule out the possibility  that the 
RNA polymerases were of cytoplasmic origin and 
became  absorbed  onto  chromosomes during  the 
isolation  procedures,  the  following  experiments 
were  also carried  out: When chromosomes were 
washed  extensively  with  75  mM  NaCI-20  mM 
EDTA, pH 8.0 (adjusted  with  1 N  NaOH),  and 
then with 10 mM Tris, pH 8.0,  the chromosome 
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polymerase  activities from nuclei,  chromosomes,  and 
cells. Enzymes are from (a) 2.0 x  10  ~ log phase cells, 
(b)  2.1  x  10  t  metaphase  cells, (c) interphase nuclei 
containing 450 p.g DNA and (d) chromosomes contain- 
ing 220/~g DNA. 
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FIGURE 8  DEAE-Sephadex  chromatography of RNA 
polymerase activities solubilized from metaphase cells. 
The sonicates representing 2.1  x  10  ~ metaphase  cells 
were applied over a column (0.8 cm  2 x 4.5 cm bed size), 
and  eluted  with  13.0-ml  linear  (NI~)zSO4  gradient. 
Fractions  of 0.5  ml  each  were  collected,  and  30  v.l 
aliquots  assayed in the  absence  (----0--) or presence 
(--A--) of 0.5 t~g/ml of ct-amanitin. 
structure was converted to a mass of chromatin, as 
observed under a  phase-contrast microscope after 
staining with azur C. The analytical results obtained 
with this material appear in Table VI. A decreased 
protein/DNA ratio compared to the original mate- 
rial indicated that nearly 60% of the proteins were 
removed.  However,  the  residual  chromatin  not 
only retained  >50%  of the  initial  activities,  but 
also preserved a high proportion of form I enzyme 
(Table VI), as judged by the resistance to a-aman- 
Kin. Since comparable enzyme retention was no- 
ticed also in the chromatin prepared in the same 
way from  interphase  nuclei,  it  appears  that  the 
major portion of enzymes found in chromosomes 
represent  the bound type. Since form I  is readily 
solubilized  under  these  conditions  (6,  50),  one 
would expect that the above washing would have 
selectively removed most of form I, had it simply 
been absorl~ to chromosomes from cytoplasm. 
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Polymerases by Heparin in 
Metaphase Chromosomes 
One  crucial question to  the  present finding is 
whether RNA polymerases in metaphase chromo- 
somes were artifactual, resulting from adventitious 
binding of enzymes or were due to the real exist- 
ence of enzyme-gene complex. One might expect 
that if the latter was the case, such enzyme-gene 
complexes would synthesize RNA under approprk 
ate conditions  where any RNA synthesis-restricting 
factors are removed from chromosomes. This ex- 
pectation was examined. 
As an agent which removes histones and some 
other  proteins,  we  chose  heparin,  because  this 
TABLE V 
Proportions of  RNA Polymerase  I and H Solubilized 
from  Interphase Nuclei and  Metaphase Chromo- 
$omes 
Enzyme activity* 
No, of de- 
Source  Determination  terminations  Form 1  Form 1] 
Chromo- 
somes 
Nuclei 
averages 
%  % 
~amanitin sen-  10  76  24 
sitivity 
DEAE-Sepha-  3  80  20 
dex 
a-amanitin sen-  11  81  19 
sitivity 
DEAE-Sepha-  5  77  23 
dex 
* Form HI activity is not included. 
polyanion,  like  Sarkosyl  as  previously  demon- 
strated by Gariglio et al (16), has been shown to 
activate  the  initiated  RNA  polymerases  while 
blocking the  initiation of RNA synthesis by free 
enzymes (11,  17).  We  found that  chromosomes 
treated with heparin at concentrations of >10 U/ 
ml, tended to  swell  and loose their b'tdfringence 
under phase contrast optics. To assure the heparin 
effect on chromosome enzymes, 100-250 U/ml of 
heparin  was  used.  Results  from  three  separate 
experiments are shown in Table VII. It was found 
that heparin could activate 10-fold the endogenous 
Interphase 
Nuclei 
IO0~-~I 
Metophuse 
Chromosomes 
I00 
~'Form I 
l~Form  11 
50 
o  -3-2 -I  O I 
L0q Fg/ml a-amanitin 
FIOUaE 9  Sensitivity profiles of RNA polymerases I 
and II as a function of a-amanitin concentration. Forms 
I  and II, each partially purified by DEAE-Sephadex 
chromatography (Fig. 7),  were assayed in increasing 
concentrations  of  ot-amanitin. DNA  templates  were 
present in excess (500 t~g/ml).  The points are averages 
of two or three different determinations. 
TABLE VI 
Levels of RNA Polymerases  Associated with Chromatin Prepared  by Washing with 75 mM NaCI-20 mM EDTA 
and then 10 mM Tris-HCl, pH 8.0 
U/tzg DNA equivalent 
Source  Washing  Protein/DNA  No, ofexps.~  Enzyme Activity, total  Form  I  Form  II 
averages 
%  % 
Nuclei  No  4.56  2  2.80  (100)  ND  ND 
Yes  1.85  2  1.52  (54)  1.22  0.30 
Chromosomes  No  3,70  2  2.70  (100)  ND  ND 
Yes  1,71  2  1.68  (62)  1.30  0.38 
Nuclei or chromosomes were suspended in 20 ml of 75 mM NaC1, 20 mM EDTA, pH 8.0, 0.5 mM PMSF, 0.5 mM 
DTI" using a glass-teflon homogenizer (Potter-Elvejehem type),  and centrifuged. Washing was repeated  twice. 
Pelleted materials were then swollen for 60 rain in 2,000 vol of 10 mM Tris, pH 8.0-0.5 mM DTI', and centrifuged. 
After another washing, the formed chromatin was subjected to enzyme solub'tlization  (see Materials and Methods). 
For unit of activity, see Table II. 
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Activation of  Endogenous RNA Polymerase 
ActiVOd in Metaphase Chromosomes 
pH]GMP  incorlmra- 
tion pmol/tag DNA/ 
Exp. No."  Assay condition  10 rain 
1  Control  0.078 
Plus beparin, 100 U/nil  0.847 
2  Control  0.084 
Plus heparin, 100 U/ml  0.885 
Control  ND 
Plus beparin, 250 U/ml  1.000 
Plus  heparin,  250  U/ml  0.822 
and 0.5 /~g/mi ~-amani- 
tin 
Chromosomes were isolated from log-phase cells treated 
with Colcemid for 2 h, suspended in TGMED (TGED 
plus 5 mM MgCh), and incubated for 10 rain at 25"C 
with the standard reaction mixtures (Mn  z+ was omitted) 
in the presence or absence of heparin. The incorporation 
of  [aH]GMP  into  add-insoluble materials was  deter- 
mined as described in Materials and Methods. 
* Data from three separate experiments. 
RNA polymerase activity of chromosomes. Since a 
portion of such activated activity was sensitive to 
0.5  #g/ml of a-amanitin (Exp 3), it appears that 
both forms I and II are in the initiated state within 
the chromosomes. 
Can Free Enzymes Bind to Genes under 
Chromosome Isolation Procedures? 
The foregoing experiments strongly suggest the 
absence  of  free  enzymes  in  chromosomes  and 
nuclei,  but  did  not  rule  out  the  possibility that 
during the swelling of the cells the free enzymes 
were bound to genes in the chromosomes. If such 
free  enzymes were  really bound to genes firmly, 
these  enzyme-gene  complexes  could  not  utilize 
exogenous DNA as template (Table I) and could 
still be activated by heparin (Table VII). Therefore, 
we examined whether or not the free enzyme was 
bound to genes under chromosome isolation pro- 
cedures. Results are shown in Table VIII. It should 
be noted that in the protocol the exposure of the 
chromatin  to  the  enzymes was  about four  times 
longer than the exposure of the chromosomes to 
the disrupted cell contents in the standard isolation 
procedure. Under this condition, only a small por- 
tion of enzymes was found to bind to chromatin, 
but  this was  not  large enough  to  account  for a 
higher level of enzyme activities present in nuclei 
and chromosomes (Tables 1I and HI). 
DISCUSSION 
Two methods have been developed to obtain rela- 
tively large quantifies of metaphase chromosomes 
at neutral pH from several types of cultured cells 
(30, 61). These methods employed 10  -3 M  ZnClz 
(30) or 1 M  hexyleneglycol (61, 62) as a chromo- 
some stabilizer  and because of their near-physiolog- 
ical pH, circumvented the loss of acid-soluble pro- 
teins (30, 61) inherent in other methods which used 
low pH  (5,  7,  19,  52,  55).  Nevertheless, in our 
hands, the presence of ZnCI2 in the isolation buffer 
resulted  in  an  irreversible reduction by  60%  or 
more of enzyme activity (unpublished data) and the 
hexyleneglycol  treatment  of  metaphase  cells  at 
37~  for 10 min., as recommended by Wray and 
Smbblefield (61, 62), caused an appreciable deg- 
radation of chromatin proteins (unpublished data) 
as well  as DNA  (61).  The  method  used  in  the 
current work (see Materials and Methods), though 
TABLE VIII 
Adsorption of  RNA Polymerases  to Chromatin 
under Chromosome  Isolation Conditions 
Enzyme  activity 
U/ttg DNA 
Exlmriment  -  a-amanltin  + oramanitin 
averages 
Chromatin alone  1.41  0.96 
Chromatin + enzymes  1.69  1.23 
Enzyme alone, 100 t~l  15.70  11.70 
Data based on two different chromatin preparations. 
Chromatin  was  prepared  from  interphase  nuclei,  as 
described in Table VI. Enzyme extracts were prepared 
as follows: the sonicate  of interphase  cells in 0.35  M 
(NI~)zSO4-TGED  was  supplemented  with  solid 
(NH4)tSO4 to 60% saturation, and stirred for 5 h at 4~ 
The formed precipitates were centrifuged at 10,000 rpm 
for 10 rain, resuspended in 50 mM (NI-~)~SO4-TGMED 
and dialyzed  overnight against the same buffer. 
After centrifugation  at  10,000  rpm for  10  min,  the 
supemate  was  used  as  enzyme  extracts.  Chromatin 
(~200  /~g  as DNA) was  suspended  in  3,140  U  of 
enzyme extracts, and allowed to stand for 15 min at 4oc. 
Chromatin-enzyme  mixtures were then dialyzed against 
chromosome isolation buffer, TCMPD containing 0.5 % 
Triton  X-100  with  vigorous  stirring.  After 2  h,  the 
mixtures were centrifuged  at 10,000  rpm for 10 min, 
and washed three times with TCMPD containing 0.5% 
Triton X-100. The final pellet was subjected to enzyme 
solub'flization as described in Materials and Methods. 
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(30),  eliminated  such  draw-backs by including  a 
protease inhibitor, PMSF, and by swelling the cells 
in the absence of ZnCI~ at relatively low tempera- 
ture.  Details  of the present  method will  be  pub- 
lished elsewhere. 
The present findings strongly suggest that RNA 
polymerases of the chromatin-bound type remain 
quantitatively conserved when interphase chroma- 
tin condenses into mitotic chromosomes. This con- 
servation appears not to be artifactual, because (a) 
the  chromosomes contained virtuaUy  no free en- 
zymes which  were  able  to  transcribe  exogenous 
DNA  templates  added  in  the  reaction  mixture 
(Table  I) and  (b) substantial  amounts of enzyme 
activity,  especially of form I, were recovered from 
chromosomes  (Table  VI)  even  after  extensive 
washing  with  75  mM  NaC1-20  mM  EDTA,  pH 
8.0, and then with 10 mM Tris, pH 8.0, a proce- 
dure which is known to wash off effectively form I 
from nuclei and nucleoli (6,  12, 50). In the pres- 
ence of heparin which is well known to block the 
initiation  of RNA  synthesis,  certain  endogenous 
RNA polymerase activities  were  activated in  the 
chromosomes (Table VII). Adventitious binding of 
proteins to nuclei or chromatin has been shown to 
occur  at  a  certain  ionic  strength  (23,  40).  The 
existence of RNA polymerases in the chromosomes 
cannot be a result of such binding, because of the 
low ionic strength which was used to isolate  them 
(see Materials and Methods). As a matter of fact, 
the extensively washed chromatin could not absorb 
a  significant  amount of RNA polymerases under 
conditions  as  such  used  in  the  present  isolation 
procedures  (Table VIII). Thus, the present study 
offers direct evidence to support the predictions of 
other workers  that  RNA  polymerases would re- 
main in mitotic chromosomes (18, 53, 61). These 
predictions came from the findings  that  (a) some 
level of endogenous RNA polymerase activity ex- 
isted  in  chromosomes  (24,  53,  61)  and  (b)  the 
presence of inhibitors of protein synthesis  did not 
block the normal resumption of RNA synthesis  as 
cells entered G1 from mitosis (53). These studies, 
however, did not include enzyme quantitation nor 
pay attention to the possibility  that RNA polymer- 
ases might shuttle back and forth between chroma- 
tin  and cytoplasm in mitosis.  Of interest  was the 
finding of Simmons et al.  (53) that chromosomes 
dialyzed for 16 h under conditions known to pre- 
serve  RNA  synthetic  capacities  exhibited  an  in- 
creased level of endogenous activity; however, the 
enzyme level  of the  chromosomes was not com- 
pared quantitatively to that of the nuclei (53). Since 
the increased activity was partially inhibited by 0.5 
/~g/ml of a-amanilin (53), their results may be an 
indication  that  form II enzymes in chromosomes 
were somehow unmasked by dialysis. Whether this 
was related to the degradation of some restricting 
factors in chromosomes is unknown. 
Previously, Gariglio et al (16) also addressed the 
question  of  RNA  polymerase  levels  in  mitosis, 
using mouse Balb/C3T3  fibroblasts. Based on the 
analysis of Sarkosyl extracts of total interphase and 
mitotic cells,  these authors stated:  "We infer that 
there is nearly as much initiated RNA polymerase 
in mitotic cell  chromosomes as found in growing 
cells."  It  should  be  pointed  out,  however,  that 
direct  analysis  of isolated  chromosomes was  not 
performed. The finding that heparin activated the 
endogenous  RNA  polymerases  of chromosomes 
(Table VII) not only substantiated  their inference 
but also suggested that some restricting  factors were 
removed by these agents. 
It has been shown that both unbound and bound 
enzymes exist  in  nuclei  (63,  64).  Generally,  the 
unbound types leaked out of the nuclei which were 
isolated  in  solutions  of  low  tonicity.  Since  the 
current isolation procedures employed a hypotonic 
solution  also  (see  Materials  and  Methods),  the 
results  permit  no  conclusion  about  the  possible 
presence in chromosomes in situ of unbound types 
which would have been readily removed during the 
isolation. 
Certain  proteins  bound  to DNA  stay constant 
throughout the cell cycle; for example, deoxyribo- 
nucleoproteins from interphase and metaphase cells 
have  a  constant  buoyant  density  in  CsC1 and, 
hence, there probably is a constant ratio of nonhis- 
tone proteins to DNA throughout the cell cycle (R. 
Hancock, as cited in reference 14). The similarities 
in the polypeptide composition of nonhistone pro- 
teins from metaphase and interphase chromatin are 
greater than the differences (8, 9, 10, 14, 22, 26, 
51). The similar protein/DNA ratio found in meta- 
phase and interphase chromatin in the current work 
argues for such constancy. Thus, RNA polymerases 
may also belong to such proteins that bind to DNA 
in a constant ratio in the mitotic cell cycle. 
The rate of RNA synthesis in synchronized cell 
cycles has well  been studied in HeLa (39), CHO 
(15), and DON cells (25). Although some impor- 
tant  differences in the mode of rate change after 
the resumption of RNA synthesis in early telophase 
appeared  among  these  studies  (as  reviewed  in 
reference 39), a rather general conclusion was that 
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interphase and doubles when cells transverse from 
G1  through  G2  phases  (43,  59).  This  may  be 
explained in  part  by the  present data in that the 
amount of bound enzymes per cell was increased 
by at least 50% as cells transversed from G1 to G2. 
The results can be related to knowledge of the rate 
of change of RNA  synthesis during the cell cycles. 
Persistence of RNA  polymerases at almost con- 
stant levels per genome throughout the cell cycle 
agrees with the findings of Hildebrandt and Sauer 
(18)  who  quantitated  RNA  polymerases  in  total 
cell  extracts  from  synchronously  dividing  macro- 
plasmodia of Physarum, and found that neither the 
level of enzymes per unit of protein in the extract 
nor the proportion of enzyme forms changed during 
the  period  from early  S  phase  through G2  (18). 
Identical  results  were  obtained  when  total  cell 
extracts of HeLa  cells were examined  (3).  Thus, 
the constancy of enzyme levels per genome during 
the cell cycle seems to be a  uniform phenomenon 
in various kinds of cultured cells. 
The present study eliminated the possibility that 
in  DON  cells  RNA  polymerases  of  chromatin- 
bound  type  represent  a  class  of  proteins  which 
shuttle back and forth between nuclei and cyto- 
plasm  in mitosis  (2,  41,  44,  45,  54),  but rather 
indicated that they are conserved even when chro- 
matin  condenses.  Therefore,  a  mechanism  for 
negative control of RNA synthesis in mitosis must 
be  present  within  the  chromatin.  Whether  this 
mechanism is the physical condensation of chro- 
matin itself, or whether it is this feature combined 
with repressor-like  molecules  (56) remains to be 
determined. 
An implication of the present study is that RNA 
polymerases,  at  least  forms  I  and  II,  persist  as 
structural  components  of  metaphase  chromo- 
somes. No  quantitation was carried out for form 
III enzymes because of its low activity level in the 
DON  cell line and because of the limited amount 
of chromosome materials available. Nevertheless, 
since the synthesis of low molecular weight RNA 
occurs continuously  in  mitosis both in vivo  (24, 
65) and, in the current work, in vitro (Fig. 6), the 
persistence of a  form  III-gene complex  in  chro- 
mosomes is also probable. It would be of interest 
to  localize  in  situ  the  enzymes  on  metaphase 
chromosomes. Such an attempt has actually been 
done in the case of RNA  polymerase II on poly- 
tene  chromosomes  of  Drosophila  melanogaster 
(21). Using the technique of indirect immunoflu- 
orescence,  Bautz  and  co-workers  demonstrated 
that form II is present almost exdusively in puffs 
and interband regions (21). Since RNA polymer- 
ases  are  concentrated  in  euchromatin  and  are 
scarce  in  heterochromatin  (1,  13,  31,  58),  the 
same  technique  might  differentiate  /n  situ  the 
active from the inactive chromatin on metaphase 
chromosomes. 
We thank Dr. W. Wray, Department of Cell Biology, 
Baylor College of Medicine,  for invaluable discussion 
and suggestion on the method of chromosome isolation. 
Thanks are also due Mrs. Cathy Russin and Miss Anne 
Marie Conti for their clerical assistance. 
This ~tudy  was suplx)rted by grant CA-16935  from 
the  National  Cancer  Institute,  National  Institutes  of 
Health. 
Part of this work was presented at the  17th annual 
meeting of the American Society for Cell Biology, San 
Diego, November 1977. J. Cell Biol.  75(2, Pt. 2):121a 
(Abstr.). 
Received for publication 31  March 1978, and in revised 
form 11  October 1978. 
REFERENCES 
1, ANDEItSON,  K. M., H. CK~cz, and N. ~,  t975. Separation 
of transcriptionally  active  from less active  rat ventral  prostate  chroma- 
tin, Exp. Ce//Res. 94:176-190. 
2. BAsst~t, R. 1968. Contribution  to the study  of nuclear  total  proteins 
and DNA during  the mitotic  cycle in fibroblasts  cultivated/n  vitro and 
in Ehflich  asdtes  cells. H/stochem/e. 14:89-102. 
3. Bt~l~,  B.  J,,  and K.  H.  S~a~Arr. 1975. DNA-directed RNA 
polymerase from HeLa cells. Isolation,  characterization  and cell-cycle 
dism'buthm  of three enzymes. Biochim. Biophys. Acta. 414:44-58. 
4. BLATrt, S. P,, C. J. INgLeS, T. J. Jam)eLL, P. W, MORRIS, R. F, 
W~vmt,  F. W~,  and W. J. Rtnaxt. 1970. Structure  and 
regelatory pro~rtins of eucaryolic RNA  polymerase. Cold Spring 
Harbor Syrup. Quant. Biol. 35:649-657. 
5. CAm~t, K.  P,,  and J.  E.  H~.s'r.  1966. Isolation and partial 
characterization  of metaphase  chromosomes  of a mouse  aseites  tumor. 
Proc. Nag. Acad. Sct. U. S. A. $5:642-649. 
6. ~,  C, J,, and P. H. W. ntrrrelwo~m, 1971. Selective 
extraction  of form I-DNA-delmndent  RNA polymerase  fi'om rat liver 
nuclei and its separation into  two ~s.  Eur, J. Biochem. 19:232- 
241. 
7. Clto~,zv, M,, A. B~mtm., E. Botv~t~m~um),  and D. J, Htrrcm- 
sos, 1963, Studies  on the isolation  of metaphase  chromosomes.  1. Cell 
Biol. 19:.59-69. 
8, Coml~43s, D. E.  1967. Histones of genetically active and inactive 
ehromatinJ. Cell Biol. 35:699-708. 
9. COMINGS,  D. E,, D. C. HAum, T. A. Otoa)^, and G. HOtM~JIST. 
1977. Nuclear proteins. IV. Deficiency of nGn-histone  proteins in 
condensed chromatin  of Drosophila vivilis and mouse. Exp. Cell Res. 
105:349-365. 
10. Comsos, D. E., and L. O. TACK. 1973. Nowhlatone proteins. The 
effect of nuclear  washes  and oamparison  of metaphase  and interphase 
chromatin,  Exp. C-d/Res. 82:175-191. 
11. COX, R, F. 1973. Transcription  of higlvmoiecular-weight  RNA from 
hen oviduct ~tin  by bacterial  and endogenous  form-B polymer- 
ases, Eur. ]. Biochem. 39:.49-61. 
12. DI~ Poueg~, D. I., C. J. Cm~'rsm~N,  and P. H, W. Burr~woltl~l, 
1974. Preparatian  of chromatin.  Variation  in the template prol~rties 
of chromatin  delpandant  on the method of preparation.  Fur. J. B/o- 
chem. 46:461-471. 
13. Domr  D., and B. J. McC~arrttv. 1975. The nature of protein 
association  with  chrornatin.  B/ochem/stry.  14:1373-1378. 
14. ELttS, S. C. R., J. B. BOVD, L. E. HOOD, W. WF.AY, and F. C, WU, 
1973. A prologue to the study of nonhistone  chromosomal  proteins. 
Cold Spring Harbor Syrup. Quant. Biol. 311:821-833, 
15. ENtail, M. D., and R. A. Toner. 1969. RNA synthesis  in Chinese 
MATSUI, WEINFELD, AND  SANDBERG  RNA Polymerases in Chromosomes  463 hamster cells. II. Increase in rate of RNA synthesis daring G1. J. Ce/l 
Biol.  4~):308-315. 
16.  G.oloI,  IO, F.,  J. Buss, and M, H, Gltx~. 1974. Sarkosyl activation of 
RNA polymerase  activity in  mitotic  mouse cells. FEBS  (Fed.  Eur. 
Biodmn. Soc.) Lat. 44:330--333, 
17.  GanNR,  Y,  G.  Mom~oY, M,  JAe0uIrr,  and  J.  Htmwrrz.  1975. 
Chromafm  as a template  for  RNA synthesis#*  vitro, prec.  Naa. Acod. 
Sd. U.S.A. 72:194-199. 
18.  FIR~lmv,  myr, A., and H. W. S^(ma. 1976. Levels of RNA polymer- 
arns durk~g the mitotic  cycle  of Physarum ~.  Biod~. 
Biophys.  Acta.  42&.316--321. 
19.  Htrsmuo.s, J.  A., and G. A'rr~tm. 1967.  Studies  of fractionated 
HeLa cell raetaphase  chromceomes. I. The ~  ~fion 
of DNA  complementary  to 28S  and  18S  n'bosomal  RNA and to 
cytoplasmic messanger  RNA.Y. Mo/. B/o/. 29:487-505. 
20. J~G,  L  A., C. C. S~w~rr, and R. G. Ro~mmc  1975. DNA- 
dependent  RNA  polymeraso levels  during the response of human 
peripheral  lymphocytes  to  phytohemagginti~a. C4d/.  4:51-57. 
21. J~ouc~,  M.,  A.  L,  G~t,~,  and K.  K.  F, BAtrm.  1977. 
Locaiizatinn  of RNA polymerasr  in polytane  cte'omosomes of Dro- 
sopM/a me/anogaster.  Proc, Nat/.  Acad. Sa. U. S. A. 74:2079-2083. 
22.  Jemoa~, C. C., R. A. Ec~getm', and M. A. C)onovsr~. 1973. The 
histonas associated with condensed  and extended  ctm3,mafir,,  of mouse 
liver./. Ce//BIO/. 58:119-125. 
23. JOaNS, E. W., and S. Foasran.  1969. Studies on nuclear proteins. The 
binding of extra arklic proteins  to dan~ucleopmtein  during the 
preparation of nuclear  p~teins. Eur.  Y. B/odum. 15:547-55  I. 
24. {SON,  T. C.,  and J.  J.  HOLLAND. 1965.  Rit~nuckic  acid  and 
protein synthesis in mitotic HeLa cellsH. Ce//BIOL 2"/:565-574. 
25.  K~,  R.  R.,  and  E.  S~am)~.  1967.  RNA symhesis  in 
re~tion  to DNA" replication  in  s~  Chinese  hamster cell 
~.J.  Exp. Zoo/. 165:259-268. 
26.  ~N,  W. M., A. Fomut, Y.-Z. YAm3, J. S. Bmtaxoa,  and 
H. P. Rusc~. 1975. Con~  proteins. Ma~)r components of nuclear 
and chromosome non-histone proteins.  Bioch~. B/ophys.  Acre. 379.- 
529-552. 
27.  Lm,  H.  J.,  J.  D.  IOo,  g~,  and  E.  Ca~G.~'n,.  1966.  Template 
functions in the enzyn~ formation  of polyribonucleatidas.  II. Meta- 
phase chromosomes as teml~ates in the enzymic synthesis of ribonucleic 
acid. Proc. Nat/, Acad. ScL U, S. A. $6:954-959. 
28.  I.,~eva~vmt, H., and D. Bring,  1934. The determination  of enzyme 
cfissoaatinn constants, Y. Am, Chem, Soc.  $6:658-666. 
29. Loway, O. H., N. J. Rosmoucat, A, L. Fxmt, and R, J. R~^LL. 
1951. Protein measurement with the folin  phenol reagent..L Biol. 
Chem. 1~.'265-275. 
30.  MAre, J.  J.,  and  C.  L,  Swa.mamtyr.  1967.  Isolated  mammalian 
metaphase  chromosomes. L General cbaracteristi~  of nucleic acids and 
l~teins.,/. Idol. Biol.  2,4:29-39. 
31.  ~,  K., andJ. BONh'ILq.  197L Fractionation  of liver chroma- 
tim Proc. Natl. Acad. ScL U.S.A. 61:2941-2944. 
32.  MATSm, S., and H. BusoL  1977.  Isolatkm  and characterization  of 
rDNA-containing  chromatin  flora nucleolL  E.rp.  Ce//Res. 109:.151- 
161. 
33. MAim,  S., M. FL~, and H. Bus~.  1977. Fidelity  of ribosomal 
fibonucleic acid synthesis by ntr.leoli  and nucleolar  chromatin.  8io- 
cRem~try. 16:39-45. 
34.  Mxrsul,  S.,  H,  WmNI~eLD, and  A.  A.  S/,~Danao.  1972.  Fate  of 
chromatin of interphase nuclei subjected to "propha~ng" in rims-timed 
cells. J. Natl. Cancer lnst,  49:.1621-1630. 
35.  Mxrs~, S., H. YosmD^,  H. Wm~LD, and A. A. SA~DaU~. 1972, 
Induction  of prophase  in inte~  nuclei by fusion with metaphase 
cells. J. Cd/BIO/.  $4:120-132. 
36.  MAucg, J.  C.  1977.  Soinbilized DNA-del~ndent RNA potymerase 
activities in resting and growing fibroblnsts. Biochem~try. 16:793-797. 
37.  Moo~, G. P. M., and N, R. R~c;~.  1973. Locafization of DNA- 
dependent RNA polymeraso  activities in fixed hmnan fibroblasts  by 
autoradingra#)y. Exp. Ce//Re~. 76:223-228. 
38. Moac~Lo,  G,  C.  D~.~ To~,  and G. ~-MAs'n~.  1976. 
Ne~leolar  transcription  dering  plato  mitosis.  In situ  assay for  RNA 
polymerase ac~vity,  Exp. CellRes, 102:311-316. 
39.  ~,  S.  E.,  and  L. J. TOLMA~.  1968.  RNA  synthesis  in 
synchronously growing populations  of HeLa S3 cells. I. Rate of total 
RNA synthesis and its relationship m DNA synthesis.  J. ~  Physio/. 
71:77-94. 
40.  Plm.ws, D. M. P. 1968, The binding of extra histone and protamine to 
&mxyribonuckepmtein.  F..tpoim  a,, (Base/) 7.4:668-669. 
41.  P~ms~, W., andH. H. Smm. 1964. Iucorpomtinn  of att~arginine in 
chromosomes  of Vida faba.  Exp. Cell Res. 34:525-532, 
42.  ~,  D. M. 1964. Cellular sites of RNA synthesis. Pro  8, Nuc/e/c 
Add Res. MoL Biol. 3:33-57. 
43.  Palegx)~, D. M. 1976.  Reproduction  of Eukaryode Cells. Academic 
Press, New York. 91-92. 
44.  Pt.escorr,  D. M., and M. A. Breton.  1962.  Synthesis of RNA and 
protein  during  mitosis  in  mammalian tissue  culture  cells.  Exp, Cell  Re*. 
26:260-268. 
45. Plmcorr, D. M,  and L. GoL~"nas.  1968. Proteins  in nuclecg'y~ 
plasmic  interactions,  m. Redistribetiom  of  nudanr lauteim daring  and 
following mitosis in Ameeba  proteins. J~ Cr  39:.404-414. 
46. Ra:slAal~,  G. M, 1974. Modifications  of  the ~ylam~  reaction 
giving  increased  sensitivity  and simplicity  in the estimation  of DNA. 
Amd. Biochem. 57:369-376. 
47. Romm~,  R. G., and W. J. Rtrrrn.  1969. DNA-ck~ndem  RNA 
polymerase in  e~  organisms.  Nature (Lond.  ~ 274:234-237. 
48. ROJ~O~, R. G., and W. J. Rtrrn~.  1970, Specific  nucleolar and 
nucleoplasmic  RNA polymerases.  Prec. Natl. Acad. Sd, U, S, A. 65: 
675-682. 
49. Rm~u,  R,  G., L. B.  Scsw~a'z,  and V. E. F. S~.  1976. 
Function,  structure, and regulation of eukaryode nuclear RNA polyrw 
erases. In The Molecular Biology of Hormone Action. J. Papa(amsma- 
tin(m, editor. Academic Press, New York. 29-51. 
50. RonaLt~, L. I.,  P. M. M~m~cg, H. M. Koma~, M, O. J, OtsoN, 
and H. Bl.~c~t. 1977. Fracti(mation  of nucleofi. Enzymatic and two. 
~al  polyactylamide get electrop~rede analysis. Biocher~try. 
16:4716-4720. 
51. S~0OC~AI.,  A., and $. Bo~a.  1970. Proteins  of interphaso  and 
melaphase chmmoemtes compared. Biodu~. Biophys,  Acre. 207:227- 
239. 
52.  Sxuzv~, N. P., D, E. Mooms, and J. ~J-~l~.  1966, Isolation 
and characterization  of hmnan metaphase chre~aosomes. Peoc. Nail 
Acad. Sd. fT. S. A. 56..1449-1456. 
53.  SmMous,  T.,  P. ~D,  S.  TAUa~, and L.  D,  HODOZ. 1974. 
Approadl~ tO  the  study of the regulation  of  nuclear  RNA syathesis in 
s~d  mammalian ceils.  In Cell  cycle  eantrols.  G.  M, Padella,  I. 
L.  Cameron, and  A.  Zimmerman, editors.  Academic Press,  New York. 
289-308, 
54.  Sins,  R, T.  1965.  The synthesis  and migration  of nuclear  proteins 
during mitosis and differentiation  of cells in rats.  Q. Y. Mtcrosc.  Sci. 
106:229-239. 
55.  SoM~s,  C. E., A. COLH, and T. C. Hsu. 1963, Isolation of chromo- 
somes. Exp, Ceg.Res. 9(Suppl.):  220-234. 
56.  S~,  G.,  and J.  F~aBmc 1972.  Role of nonhistone  chromosomal 
proteins  in  the restriction  of mitotic chromatm tern#ate  activity.  Proc, 
Natl.  Acad. Sci.  U.  S.  A. 69:2918-2921. 
57.  SMmnLgt'mLD,  E.  T.,  and  R.  ~z.  1965.  Syndmmization of 
Chinese hamster cells  by reversal of  coicemid  in~oitors.  Exp, Cell Res. 
40:.660-664. 
58. "rATA, J,  R,  and B.  B~-  1974.  Sub-nuclear  fracfionation.  II. 
Intranuclear  oompartmentation  of transcription  m  v/vo and/n v~'~o, 
Exp. Ce//R~. 113:125-138. 
59,  WARO,  G. A., and P. G. W. PLACer,  ANN, 1969. Fluct~tiOns  of DNA- 
dependent RNA polymerase  and synthesis of m~lecules  during 
the growth cycle of Novikoff rat hepatoma cells in suspension  cuRure. 
2'. Ce//PhysioL  73:213-232. 
60.  W~L, P. A., and S. P. Bi~cm.  1976. HeLa cell deoxyribonucleic a~d 
dependent RNA polymerases: function and properties  of the class HI 
enzymes. Biochem/stry. 15:1500-1509. 
61.  WRm, W., and E. S~tJ~Im.o.  1970. A new method for the rapid 
isolation of chromosomes,  mitotic apparatus, or nuclei from nmmma- 
llan fibroblasts at near neutral pH. Exp. Cell Res. ~J~469-478. 
62.  W]mY, W,, E. S'nme~,  and R. Hum,  rainy.  1972,  Mammalian 
me.tapllase chromosomes with high molecular wcigbt DNA isolated at 
pH 10.5.  Nauare (Lond.).  2311:237-238. 
63.  Yu, F. L. 1975. An imwoved method for the quantitative  isolation of 
rat liver nuclear RNA polymerases.  BiockYon, Biophys.  Acta,  395:329- 
336. 
64.  Yu, F, L. 1974. Two ~al states of the RNA polymarares in the 
rat hepatic nuclear and nucleolar fraetinns. Nature (Lond.). 2b'1:344- 
346. 
65. Z~m,  E. A., and S. ~-  1971. Synthe~ of 5S and 4S RNA in 
metaphaso-arrested  HeLa cells. Science  (Wash. D. C.  ). 172:9,)7-949. 
464  THE  JOURNAL  OF  CELL  BIOIX)GY ￿9 VOLUM~  80,  1979 